It was shown as a result of analysis of mechanisms of slag crust removal from the weld metal surface that the spinels at slag-metal interface and their intergrowth have the main influence on this process. It was found on the basis of analysis of structure of spinels and slag melt that to prevent the formation of spinels at the interface and intergrowth of metal and slag, it is necessary to provide the presence in the slag melt of a structural element with configuration of a linked structure, differed from tetra-and octahedral structures, and not capable to formation of spinels. It was established that prevention of formation of spinels in providing necessary welding-technological properties of flux of SiO2-Al2O3-MgO-CaF2 system can be attained at adding of zirconium oxide in the amount of 3.5-5.5 % into flux composition. The flux has been developed, which provides a spontaneous removal of slag coating at high temperatures. The process of submerged arc surfacing is one of the widely spread methods of restoration of parts of metallurgical, mining, machine-building equipment, agricultural machines and automobile transport. Using surfacing it is possible to deposit a layer of almost any thickness, different chemical composition and physical-mechanical properties by applying optimum combination of wire-flux filler materials. In restoration of parts the general-purpose fluxes AN-348A, OSTs-45, AN-60, AN-47 and specialized fluxes AN-20, AN-28, AN-26, AN-44 found the widest application. The submerged arc surfacing is used in restoration of parts, having flat and cylindrical surfaces, including also surfaces of intricate configuration, with a sufficient wear usually (up to 3-5 mm). In this case the surfacing is usually made with a partial or complete overlapping of the deposited layer.
The process of submerged arc surfacing is one of the widely spread methods of restoration of parts of metallurgical, mining, machine-building equipment, agricultural machines and automobile transport. Using surfacing it is possible to deposit a layer of almost any thickness, different chemical composition and physical-mechanical properties by applying optimum combination of wire-flux filler materials. In restoration of parts the general-purpose fluxes AN-348A, OSTs-45, AN-60, AN-47 and specialized fluxes AN-20, AN-28, AN-26, AN-44 found the widest application. The submerged arc surfacing is used in restoration of parts, having flat and cylindrical surfaces, including also surfaces of intricate configuration, with a sufficient wear usually (up to 3-5 mm). In this case the surfacing is usually made with a partial or complete overlapping of the deposited layer.
Coming from specifics of used materials, the technology of surfacing should be realized in a multi-pass, continuous condition, and with preheating in some cases. This stipulates the strict requirements for removal of slag coating from the deposited bead surface within the range of elevated temperatures. The fluxes, produced by industry now, do not meet this requirement.
Therefore, the aim of the present work was the evaluation of factors and detailed study of mechanism, defining and providing the process of high-temperature removal of slag, formation of slag system, and optimization of the flux composition.
Removal of slag coating from the weld metal surface can be provided by [1] [2] [3] :
• increase in difference of coefficients of thermal expansion (CTE), which generate shearing forces during welded joint cooling;
• decrease in oxidizing ability of slag in molten state at its crystallization;
• delay of processes chemisorption at the slagmetal interface by increasing the surface and interfacial tension, which retards the process of intergrowth of metal and slag.
The oxidizing ability of slag in crystallization and processes of chemisorption cause the formation of chemical compounds of spinel type, which can strongly retain the slag coating on the weld metal surface. Even in case of a significant difference in coefficients of linear expansion at spontaneous removal of slag crust the thin glassy layers of solid flux, strongly bound with metal, remain on the metal. Their removal requires additional forces because they will interfere the further technological operations.
Effect of CTE on high-temperature removal of slag is not adequate in general case. In work [4] the thermogram of dilatometry of welding slags in the process of heating and cooling is presented. The processing of data for flux AN-348A, carried out by us, showed that during heating of slag crust after 870 °C temperature the decrease in value of CTE is observed, which even becomes negative. This is, probably, due to break of chemical bonds in structural constituents of a chain silicate, which is accompanied by their decomposition for simpler mineral compounds. As a result, the structure of material is ordered and simplified with a system transition into the more stable state, which is typical of formation of a pyroxene structure. It is clear that the main interest is the change of CTE during the slag cooling. Data in Figure 1 show that unlike the metal, where CTE has the same sign of expansion value with increase in temperature at some maximum in the range of 500-700 °C, CTE for fluxes is characterized by the change in sign. During cooling the slag is elongated and, as result, in the range of 600-700 °C the values of CTE are in the region of zero. After that the CTE of slag begins to increase and reaches its maximum after 200 °C . The given data show that it is the hightemperature region, where the maximum difference in CTE is observed, and with decrease in temperature the difference in CTE of metal and slag is decreased. At the same time the removal of slag crust for flux AN-348A is observed only after the slag cooling. It should be noted that values CTE for metal and slag are differed almost by one order. The given data allow us to conclude that the difference in CTE of metal and slag does have a determinative influence on the processes of slag coating removal in the range of high temperatures.
Other factors, influencing the process of slag removal, include also its oxidizing ability at slagmetal interface in the conditions, when slag is in solid or solid-molten state and forms the weld. In this case the intensive processes of chemisorption at slag-metal boundary with formation of complex compounds, retaining the slag on the metal surface, can proceed. Problems, connected with the formation of spinels, initiator of which is the weld metal, and final building of lattice of oxidized surface, have been studied comprehensively enough [2] [3] [4] . Data on effect of complexing elements in the flux composition and its oxidizing ability on the processes of formation of spinels are insufficient in literature.
To study this problem, we have manufactured special «short fluxes» on the base of slag system TiO 2 -MgO-MnO-SiO 2 -Al 2 O 3 with increased content of oxides of titanium and magnesium: 40 and 30 % TiO 2 , 17 and 32 % MgO. Fluxes DFK-2 and DFK-3 are high-titanium, «short» and have ultra-narrow interval of crystallization. Melting temperature of flux DFK-2 is 1380 °C at viscosity of 0.45 Pa⋅s, and in DFK-3 flux the temperature interval of crystallization at viscosity of 0.9-0.5 Pa⋅s is 1400-1500 °C. Selection of high-titanium fluxes for clarification of problem about effect of flux composition on complexing at slagmetal boundary was predetermined by the fact that titanium itself is the element, on the base of which the spinels can be built, and change in concentration of magnesium oxide should regulate the flux oxidizing ability.
Results of investigation of surface of weld metal and slag crust show the presence of macroformations on the weld metal surface, the prints of which are available on slag crust (Figure 2 ). Local chemical analysis of slag crust showed that these formations are macrospinels, which are formed on the base of titanium microspinels (53-69 %) and manganese (20-23 %) [7] .
Taking into account the high crystallization capability of titanium-containing slags, the presence of macrospinels on the surface of weld metal for flux with increased content of titanium oxide (flux DFK-2), their association with the process of formation of microspinels on the slag surface, and also changed character of slag bonding with metal at increase of magnesium oxide in flux composition (flux DFK-3; Figure 3 ), it can be assumed that adding into the flux composition of elements, which reduce the oxidizing ability of slag surface during its crystallization and after the slag solidification, should decrease abruptly the possibility of formation of spinel-like formations at slag-metal interface and prevent the in- .These elements are located in sixdimensional coordination and do not form complexes. It is evident that the presence of cations of a common sign in slag and metal leads to the appearance of spinels.
To prevent the formation of spinels between metal and slag and eliminate their intergrowth, it is necessary to have the element in slag melt, which does not form spinels, has an increased affinity to oxygen at temperatures typical of the process of crystallization of slag melt, forms strong chemical compounds, and the configuration of linked structure in complexes is differed from tetraand octahedral ones. One of these elements is zirconium oxide, which at the condition of realization of maximum coordination number by oxygen (eight), forms the high-temperature cubic modification [10] . This modification is retained in interaction with cations, having the degree of oxidation, which differs from cation Zr 4+ , i.e. from all the spinel-forming elements.
Change in phase composition of zirconium dioxide is started from temperature of 900 °C, at which the decrease in fraction of monoclinic phase is observed, at 1050 °C the phase monoclinic-tetragonal transition is occurred, and already at 1100 °C the phase composition is completely defined by meta-stable tetragonal ZrO 2 . From 2300 °C up to melting point of 2715 °C it is transferred into non-stable cubic modification. Oxides CaO and MgO provide stabilizing properties to modification ZrO 2 , which partially loss this property in the presence of Al 2 O 3 [11] . Adding of zirconium oxide into slag melt changes not only its oxidizing ability, but also the physical properties. Here, on the one hand, it is necessary to prevent the formation of refractory slags, that is connected with the possibility of zirconium oxide to be built-in into silicate, polymeric matrix and, by distributing uniformly in it, to modify it (size of ZrO 2 crystallites is 7-19 nm) [12] , and, on the other hand, it is necessary to provide the reduction in oxidizing potential at the slagmetal interface.
To realize the offered mechanism of control of spinel formation and to develop the flux for electric arc surfacing, which will provide the high-temperature removal of slag coating, we have selected the traditional system SiO 2 -Al 2 O 3 -MgO-CaF 2 , for which the following concentrations of components were established: 20, 28, 18 and 14 % with additions of 4 % TiO 2 and MnO. Seven experimental agglomerated fluxes with changeable content of ZrO 2 from 0 to 15 % were manufactured, which were marked as DFZr; DFZr-1.5; DFZr-2.5; DFZr-3.5; DFZr-5.5; DFZr-10 and DFZr-15. Ratio of concentrations of components in fluxes was corrected by main components.
Using fluxes of series DFZr, the multilayer surfacing was performed on specimens of steel VSt3sp (killed) by 4 mm diameter wire Sv-08G1NMA. When it was possible, the surfacing was made in a continuous mode with record of temperature of slag removal by infrared, no-contact thermometer of Fione 506ip type. Slag removal was evaluated by 5-point scale using differential method [13] .
As a result, spontaneous removal of slag coating for fluxes DFZr-3.5 and DFZr-5.5 in the fifth layer at 600-700 °C was established. Using fluxes DFZr, DFZr-10 and DFZr-15, the continuous process of surfacing was not successful. To apply flux DFZr, the large mechanical force is required to remove the slag crust, fluxes DFZr-10 and DFZr-15 did not provide the quality formation show that spinels are formed between the slag and metal. Moreover, the slag crust base is nonuniform (see Figure 6, a) , and the surface layer is enriched with TiO 2 , CaO and MnO, that proves also about the processes of slag and metal intergrowth. It is these factors that are the cause of a poor removal (see Figure 4) .
Addition of ZrO 2 to the flux changes the slag crust structure (Figure 6, b, c) . At 3.5 % ZrO 2 content the clearly expressed separate formations of white color are observed on the slag surface, . Coming from composition of formations, available on the slag crust surface, and appearance on microimaging of base of slag surface, it is seen that spinels and intergrowth of slag crust with weld metal is not observed. As a result, spontaneous removal of crust, including that at elevated temperatures, is provided (see Figure 4) . The presence of zirconium oxide in the composition of flux base proves the partial built-in of zirconium cation Zr 4+ into polymeric lattice of silicon anions, resulting in transfer of viscosity polytherm into the region of the higher temperatures.
Structure of surface of slag with increased content of zirconium oxide (DFZr-15) consists completely of formations of zirconium compound, which are arranged on the slag surface adjacent to weld metal. Composition of zirconium compounds is close to earlier described structures, wt.%: 62-72 ZrO 2 , 6-10 SiO 2 , 7-11 CaO, 3 TiO 2 , 6-7 MnO, 3-4 Al 2 O 3 (point 1; see Figure 6 , c). Composition of base (points 2 and 3) is also close to base of flux DFZr3.5, wt.%: 20-23 SiO 2 , 9-10 TiO 2 , 19-24 CaO, 10-11 Al 2 O 3 , 7-8 MnO, 13-26 ZrO 2 . The increased content of zirconium oxide in slag base, i.e. its building-in into polymeric ion frame, leads to increase in melting temperature of flux, the slag becomes more refractory, that influences negatively on its forming capabilities in welding. Weld surface becomes non-uniform, influencing negatively on the processes of slag removal.
As a result, experimental fluxes DFZr-3.5 and DFZr-5.5 can be recommended as a basic composition of flux for surfacing works providing the high-temperature removal of the slag coating. Technical Specifications were worked out and registered for this flux (TS U 24.6-05416923-101:2011, welding flux of ANK-73 grade).
Conclusions

1.
On the basis of analysis of literature data the possible causes and mechanism of high-temperature removal of slag crust from the weld metal surface were defined. It was shown that during the process of slag cooling the difference in CTE is observed in high-temperature region proper, and at the temperature decrease the difference in CTE of metal and slag is decreased.
2. It was found that spontaneous removal of slag coating in the region of high temperatures can be provided only by prevention of spinel formations at slag-metal interface and absence of slag intergrowth with weld metal surface.
3. It was shown on the basis of analysis of structure of spinels and slag melt, from the point of view of polymeric theory of slag constitution, that to prevent the formation of spinels at the interface, development of processes of metal and slag intergrowth, it is necessary to provide the presence of structure element in slag melt, having an increased affinity to oxygen not capable to formation of spinels, and configuration of linked structure of which was different from tetra-and octahedral ones.
4. It is shown that it rational to add the zirconium oxide into composition of fluxes for providing the high-temperature removal of slag crust. The study of microstructure and local chemical analysis of slag crusts of fluxes of SiO 2 -Al 2 O 3 -MgO-CaF 2 system with different concentration of ZrO 2 showed that its adding into flux composition in the amount of 3.5-5.5 % prevents the formation of spinels and intergrowth of slag crust with weld metal. Flux has been offered for electric arc surfacing, guaranteeing the high-temperature (up to 600 °C) removal of the slag coating.
